There is considerable interest in identifying biomarkers that predict high risk for the development of macrovascular complications in patients with diabetes. Therefore, the longitudinal association between subclinical atherosclerosis as measured by internal carotid artery intima-media thickness (IMT) and acutephase reactants, cytokines/adipokines, thrombosis, and adhesion molecules was examined.
There is considerable interest in identifying biomarkers that predict high risk for the development of macrovascular and microvascular complications in patients with diabetes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Patients with diabetes with the same conventional risk factors as nondiabetic patients have increased incidence of macrovascular disease including coronary heart disease and cerebrovascular and peripheral vascular disease (1, 3, 5, 9, 12) . However, the mechanisms by which diabetes accelerates atherosclerosis are not completely understood, but endothelial cell dysfunction due to diabetic dyslipidemia, increased oxidative stress, and hypertension is considered one of the major players in the development of diabetes complications (1, 4, 8, 10) . In the past decade, it has been clearly shown that endothelial cell dysfunction and some of its consequences (i.e., vessel wall inflammation and clotting/fibrinolytic abnormalities) play important roles in atherosclerosis progression and in triggering acute cardiovascular events (1, 4, 8, 10) .
Several biomarkers of endothelial cell dysfunction, inflammation, and thrombotic predisposition have been associated with the development of macrovascular complications in diabetes (1) (2) (3) (4) (5) 8, 9, 12) . However, most studies performed have been on a small number of patients, using a single measurement at a single time point. Moreover, those studies that examined a panel of risk factors developed to predict progression of vascular disease have been based on parameters obtained in patients at different stages of vascular disease.
The larger cohort study investigating the predictive value of risk factors, the EURODIAB Prospective Complications Study, investigated two determinants of inflammatory activity: conventional risk factors for atherothrombosis and plasma concentrations of soluble vascular cell adhesion molecule (VCAM) and E-selectin as an index of endothelial dysfunction (13) . Markers of inflammatory activity (C-reactive protein [CRP] , interleukin [IL]-6, and tumor necrosis factor [TNF]-a) were associated with conventional risk factors including sex, diabetes duration, level of glycemic control, BMI, HDL cholesterol (inversely), triglycerides, and systolic blood pressure. Plasma levels of the adhesion molecules were also strongly and independently associated with these inflammatory markers, suggesting that inflammatory activity plays an important role in endothelial dysfunction in type 1 diabetes. Subsequent analyses of this cross-sectional data set determined further that soluble VCAM-1 and E-selectin were associated with micro-and macrovascular complications in this cohort of patients with type 1 diabetes (14), but when data were adjusted for confounding variables, only VCAM-1 remained significantly associated with macroalbuminuria. However, because of the cross-sectional design of the study, it is uncertain whether endothelial dysfunction is the result of or precedes vascular complications in type 1 diabetes. Thus, the current literature does not provide a clear picture of the value of biomarkers as predictors of diabetes complications.
We are in a unique position of determining the predictive value of putative risk factors in a large cohort of subjects with type 1 diabetes, the Diabetes Control and Complications Trial (DCCT)/Epidemiology of Diabetes Interventions and Complications (EDIC) cohort, using samples collected longitudinally for over 20 years. Furthermore, this cohort was free of complications at entry into the study except for mild (background) retinopathy and a urinary albumin excretion rate of ,139 mg/min (,200 mg/24 h). Our study included classic inflammation markers (CRP, IL-6, and soluble TNF receptors [sTNFR]-1 and -2), endothelial dysfunction markers (soluble intracellular adhesion molecule [sICAM]-1, soluble VCAM [sVCAM]-1, and soluble E-selectin [sE-selectin]), and clotting/ fibrinolysis markers (fibrinogen and active and total plasminogen activator inhibitor [PAI]-1), and we used longitudinal carotid intima-media thickness (IMT) measurements as the end point for the severity and progression of atherosclerosis.
RESEARCH DESIGN AND METHODS
The DCCT cohort was randomly assigned to intensive or conventional diabetes therapy and followed for an average of 6.5 years. The DCCT cohort included 1,441 patients who at study entry (1984-1989) were 13-39 years of age and had type 1 diabetes for 1-15 years (15) . At DCCT entry, none of the patients had hypertension or dyslipidemia, as defined prior to 1983, and therefore were not on lipid-lowering or antihypertensive therapy. In 1994, after intensive therapy had been demonstrated to have major beneficial effects on microvascular complications, the interventional phase of the study was stopped and the observational phase (EDIC) was initiated (16). During EDIC, patients have been under the care of their personal physicians and encouraged to practice intensive diabetes therapy.
Of the 1,441 DCCT participants, 1,375 of 1,425 surviving members participated in EDIC, and 886 of these individuals participated in a substudy on biomarkers of vascular disease and had blood collected longitudinally. The 886 substudy participants did not differ significantly from the 555 not included with respect to DCCT treatment arm, primary prevention cohort, or age; however, women were less likely to be included in the substudy than men. Biomarkers were measured longitudinally on patients with samples collected at four time points: at enrollment into DCCT (1984) (1985) (1986) (1987) (1988) (1989) , at DCCT closeout (1993), between EDIC years 4 and 6 (1997-1999) , and between EDIC years 8 and 11 (2001-2004) (Fig. 1 ). Analyses were not limited to participants with samples across all time points. The institutional review board of all participating DCCT/EDIC centers approved the DCCT and EDIC studies, and all participants provided written informed consent.
Assessment of Carotid IMT
Carotid ultrasonography was first performed 1-2 years after initiation of EDIC (EDIC year 1) and repeated at EDIC years 6 and 12. The measurement of IMT in the DCCT/EDIC cohort has previously been described (17, 18) . In brief, a single longitudinal lateral view of the distal 10 mm of the right and left common carotid arteries and three longitudinal views in different imaging planes of each internal carotid artery (ICA) were obtained by certified technicians at the clinical centers, recorded on S-VHS tapes, and read in a central unit (Tufts Medical Center, Boston, MA) by two readers masked to participant characteristics. The maximum IMT (millimeters) of the common carotid arteries was defined as the mean of the maximum IMT for near and far walls on both right and left sides. The maximum IMT of the ICA was defined in the same way, and the results of the three scans (i.e., anterior, lateral, and posterior views of both sides) were averaged.
Biomarker Assays
Serum levels of CRP, total and active PAI-1, sICAM-1, sVCAM-1, sE-selectin, IL-6, sTNFR-1, and sTNFR-2 were assayed using the Signature Plus Protein Array Imaging and Analysis System (Aushon BioSystems) using ArrayVision software for data analysis. Interassay coefficients of variation were, respectively, 2.6% for CRP, 3.4% for total PAI-1, 5.9% for active PAI-1, 3% for sICAM-1, 4% for sVCAM-1, 4% for sE-selectin, 7.5% for IL-6, 5.9% for sTNFR-1, and 2.7% for sTNFR-2. Plasma concentrations of fibrinogen were determined in a Beckman IMMAGE 800 Immunochemistry Analyzer using the Fibrinogen SPQ II Test System (Diagnostica Stago S.A.S, Asnieres sur Seine, France). The coefficient of variation of this assay was 5.6%. The four longitudinal measurements for each patient were analyzed simultaneously using stored serum samples. Supplementary Table 1 details the number of participants with biomarker measurements at each time point. For assessment of sample stability, repeated measurements of sICAM-1, fibrinogen, CRP, and IL-6 were made using the same sample over a 10-to 14-year period (i.e., samples were measured when initially collected [1997] [1998] [1999] and again, some at 5 and 10 years after storage [sICAM-1 and CRP, n = 18] and some after 12-14 years of storage [fibrinogen and IL-6, n = 20]). There were no statistically significant differences between the results obtained at the different time points among the repeated measurements.
Other Procedures
Demographic and clinical characteristics of the subjects were collected at DCCT enrollment, DCCT closeout, and each EDIC yearly exam; hence, information is available corresponding to each exam during which serum samples were collected for biomarker measurement. At each of the four longitudinal time points, each participant underwent a standardized physical examination and laboratory testing including HbA 1c (16, 19) , fasting lipid profile, and blood pressure (16, 20) . At DCCT baseline, participants were grouped into one of the two cohorts based on their retinopathy, renal status, and duration of type 1 diabetes (21).
Statistical Analysis
Analyses were carried out in which the levels of biomarkers measured at DCCT enrollment, DCCT closeout, 4-6 years into EDIC, and 8-11 years into EDIC were the exposures of interest. Internal carotid artery IMT at EDIC years 1, 6, and 12 were the primary outcomes of interest. The goal of our analysis was to use the biomarker and outcome information collected at multiple time points to examine the temporal relationship between biomarker levels and development or progression of atherosclerosis. Mean, median, or percentiles were determined for participant demographic, clinical, and biomarker levels for each of the four time points at which biomarkers were measured. All biomarkers were standardized across all time points using z scores. Specifically, z scores were created using the SD obtained from combining data across the four time points, and the analysis results for individual biomarkers represent the association between a difference of 1 SD from the mean in each biomarker and our outcomes of interest.
The influence of higher levels of specific biomarkers on increases in ICA IMT was analyzed at EDIC years 1, 6, and 12. Separate repeated-measures logistic regression models using the methods of generalized estimating equations (22) were applied at each of the four time points when biomarkers were measured to assess the effect of higher biomarker levels on the odds of being in the upper versus lower measurements of ICA IMT at EDIC year 1, EDIC year 6, and EDIC year 12 (i.e., upper quintile versus lower four quintiles defined as $0.727 mm at EDIC year 1, $0.809 at EDIC year 6, and $1.078 at EDIC year 12). The distribution of ICA IMT at EDIC years 1, 6, and 12 is illustrated in Supplementary Fig. 1 . Odds ratios (ORs) and asymptotic 95% CIs were computed. Additionally, the odds associated with high progression of ICA IMT from EDIC year 1 to EDIC year 12 (i.e., high progression being defined as being in the upper quintile of ICA IMT change) was assessed using logistic regression models.
Next, composite biomarker scores were created to assess the combined impact of multiple biomarkers believed to be acting on the same pathway. Specifically, four composite scores were created by combining standardized scores (i.e., the average z score) of individual biomarkers: acute-phase reactants (i.e., fibrinogen and CRP), cytokines/adipokines (i.e., sTNFR-1 and -2, active PAI-1, total PAI-1, and IL-6), thrombosis (i.e., fibrinogen, active PAI-1, and total PAI-1), and endothelial dysfunction (sICAM-1, sVCAM-1, and sE-selectin). For the endothelial dysfunction composite score, the inverse z score of sVCAM-1 was used owing to its consistent inverse relationship with outcomes of interest (23) (Supplementary Table 2 ). Prior to analysis, each composite score was categorized into quartiles that were used as the primary independent variables of interest. The odds predicting each outcome of interest (i.e., high ICA IMT at EDIC years 1, 6, and 12 and high ICA IMT progression from EDIC years 1-12) were determined comparing each quartile of a given composite score with the lowest quartile of that composite score.
All regression models are adjusted for DCCT treatment group (intensive versus conventional), retinopathy cohort (primary prevention versus secondary intervention), sex, and ultrasound IMT reader. Additionally, the following factors measured at the time of biomarker collection were adjusted for in all regression models: age, duration of diabetes, HbA 1c levels, LDL cholesterol, HDL cholesterol, systolic blood pressure, and smoking status. Using appropriate interaction terms, we also assessed whether treatment arm modified associations between our composite biomarker scores and outcomes of interest but found no evidence of interaction. All statistical analyses were conducted using SAS, version 9.3 (SAS Institute, Inc., Cary, NC). Significance for all comparisons was set at a twosided P value of 0.05, and no correction for multiple testing was applied to reported P values.
RESULTS
At DCCT enrollment, the mean age of the study population was 26.9 6 7.1 years, the mean duration of diabetes was 5.8 6 4.1 years, 52.1% of the 1,295 participants with biomarker samples available at DCCT enrollment were males, and 50.1% were assigned to the DCCT intensive treatment group. At the time of our final biomarker sample collection, which occurred between EDIC years 8 and 11, the mean age had increased to 44.0 6 6.9 years and the mean duration of diabetes was 22.2 6 4.8 years. Demographic, clinical, and biomarker levels across the four time points measured are found in Table 1 . Systolic blood pressure levels and BMI increased across the four time points, while HbA 1c levels decreased. With respect to the biomarkers of interest, CRP, fibrinogen, IL-6, active PAI-1, and sTNFR-1 levels increased across the four time points, while sE-selectin and sICAM-1 levels decreased over time. Total PAI-1, sTNFR-2, and sVCAM-1 levels did not show a significant trend over time. In comparison with most other biomarkers, which were measured on all available samples at DCCT baseline (i.e., .92% of participants with the exception of sVCAM-1), fibrinogen was measured in only a subset of the DCCT cohort (n = 732). With comparison of DCCT baseline characteristics of these 732 subjects with the remaining DCCT cohort (n = 563), duration of diabetes was shorter among those included (5.5 vs. 6.1 years, P value 0.016) and baseline HbA 1c levels were lower (8.76% [72 mmol/mol] vs. 9.01% [75 mmol/mol], P value 0.017). Age, sex, and likelihood of being in the intensive treatment arm or primary prevention cohort were similar in those with and without fibrinogen measured at DCCT baseline.
Initially, logistic regression was used to examine the ability of individual biomarkers to predict high ICA IMT at EDIC year 1 (i.e., being in the upper quintile compared with the lower four quintiles of ICA IMT [high IMT $0.727 mm]), EDIC year 6 (high IMT $0.809 mm), and EDIC year 12 (i.e., high IMT $1.07 mm) (Supplementary Table 2 ). Additionally, high ICA IMT progression from EDIC years 1-12 was examined as an outcome. Presented ORs are those associated with a 1-SD increase in each normally distributed biomarker (i.e., natural log transformations were used when required) for each biomarker measured at each of the four time points in relation to subsequent outcomes of interest. At DCCT baseline and closeout, individual biomarkers were not statistically significantly associated with outcomes of interest with the exception of IL-6, which was marginally associated with ICA IMT progression from EDIC years 1-12 at DCCT baseline (OR 1.17 [95% CI 1.00, 1.37]), and active PAI-1, which was associated with ICA IMT progression from EDIC years 1-12 at DCCT closeout (OR 1.18 [95% CI 1.01, 1.39]). Biomarkers measured on samples obtained in EDIC years 4-6 or EDIC years 8-11 were not associated with outcomes of interest with the exception of active PAI-1 measured during EDIC years Switching focus to our composite biomarker scores that were created at each of the four time points of interest, we examined their association with outcomes of interest. At DCCT baseline and at EDIC years 4-6, our composite acute-phase reactant score, which combined information on fibrinogen and CRP levels, was not associated with our outcomes of interest ( when biomarkers were measured, separate repeated-measures logistic regression models using the methods of generalized estimating equations were applied to assess the effect of increased biomarker levels on the odds of being in the upper versus lower measurements of ICA IMT at EDIC years 1, 6, and 12. Also, the odds associated with high progression of ICA IMT from EDIC years 1-12 (i.e., defined by upper quintile of ICA IMT change) were assessed. ‡Fibrinogen and CRP contributed to the acute-phase reactant score. ‡ ‡Fibrinogen, active PAI-1, and total PAI-1 contributed to the thrombosis score.
At DCCT baseline and at EDIC years 4-6, our composite thrombosis score that combined information on fibrinogen, active PAI-1, and total PAI-1 was not associated with our outcomes of interest (Table 2) . At DCCT closeout, individuals in the highest quartile of our composite thrombosis score had a twofold increased odds (2.25 [95% CI 1.14, 4.44]) of having high versus normal ICA IMT at EDIC year 12 relative to those in the lowest quartile of the composite score. At our final time point, EDIC years 8-11, relative to individuals in the lowest quartile of the composite score those in the second, third, and highest quartile of our composite thrombosis score had more than a twofold increased odds of having high versus normal ICA IMT at EDIC year 12. The OR comparing the highest to lowest quartile was 2.83 (95% CI 1.45, 5.52) at EDIC year 12.
At DCCT baseline, DCCT closeout, and EDIC years 4-6, our composite cytokine/ adipokine score, which combined information on TNFR-1, TNFR-2, IL-6, active PAI-1, and total PAI-1, was not associated with our outcomes of interest (Table 3). However, at our final time point, EDIC years 8-11, individuals in both the second and highest quartiles of our composite cytokine/adipokine score had over a twofold increased odds of having high versus normal ICA IMT at EDIC year 12 (OR 3.14 [95% CI 1.69, 5.83] and 2.83 [95% CI 1.48, 5.41], respectively) relative to those in the lowest quartile of the composite score. Our composite endothelial dysfunction score, which combined information on sICAM-1, sVCAM-1, and sE-selectin, was not associated with our outcomes of interest at any of the four time points of interest with one exception (i.e., DCCT baseline, DCCT closeout, EDIC years 4-6, or EDIC years 8-11), the exception being that the composite score measured at DCCT closeout was associated with elevated IMT at EDIC years 6 and 12 when comparing the third (but not fourth) with the first quartile, respective ORs being 1.89 (95% CI 1.05, 3.40) and 2.08 (95% CI 1.14, 3.81).
CONCLUSIONS
The current study examined the longitudinal association between subclinical atherosclerosis as measured by ICA IMT and acute-phase reactants (fibrinogen, CRP), thrombosis (fibrinogen and active and total PAI-1), cytokines/adipokines (TNFR-1 and -2, active and total PAI-1, IL-6), and endothelial dysfunction (sICAM-1, sVCAM-1, and sE-selectin).
Mean carotid artery IMT has been established as an early quantitative marker of generalized atherosclerosis because of its association with cardiovascular outcomes (24, 25) , cardiovascular risk factors (26, 27) , and atherosclerosis in other arterial beds (28, 29) . Mean carotid artery IMT can reflect a combination of arterial characteristics, including an early diffuse preatherosclerotic thickening of the carotid arteries, a single focal thickening of the carotid arteries that contributes disproportionately to the overall mean IMT measured across multiple sites, and at lower levels a nonatherosclerotic thickening that is an adaptive response to altered flow and shear and tensile stress on the arterial wall (30, 31) . Hence, increased mean ICA IMT measured at the site of maximal wall thickness as was done in the current study likely reflects development of focal carotid artery plaques among older participants, whereas at younger ages it may reflect early diffuse preatherosclerotic thickening. More controversial is the value of carotid IMT progression, which has a high degree of variability, to predict cardiovascular events (32) . A recent metaanalysis of individual participant data, which included 22 eligible studies with 36,984 participants, failed to find an association between carotid IMT progression and cardiovascular outcomes (32) . In the current study, carotid IMT was measured at two time points 12 years apart (i.e., EDIC years 1 and 12), an extended time period where progression is likely to exceed measurement variability; therefore, we chose to look at both carotid IMT levels and carotid IMT progression.
Notably, our results indicate that individual biomarkers with a couple of marginal exceptions were not predictive of or associated with subclinical atherosclerosis (Supplementary Table 2 ). Moreover, composite scores of acutephase reactants, thrombolytic factors, and cytokines/adipokines measured in EDIC years 8-11 were associated with higher levels of atherosclerosis only at EDIC year 12. Interestingly, for each composite score, the risk of subclinical atherosclerosis appeared similarly elevated in the second, third, and fourth quartiles of the composite score (although only statistically significant in fourth quartile) indicating that both mild and severe degrees of inflammation may be associated with the development of atherosclerosis and only individuals in the lowest quartile seem to be protected from elevated ICA IMT. With a couple of exceptions, our longitudinal analyses indicate that only the composite scores obtained from our final biomarker measurement at EDIC years 8-11 were definitively associated with increased subclinical atherosclerosis. Therefore, the temporal relationship between biomarker levels and the progression of subclinical atherosclerosis remains unclear with results suggesting these biomarkers may have little relevance early in the natural history of atherosclerosis.
In a prior study by our group that provided motivation for the current study using linear regression we reported that fibrinogen levels measured at EDIC years 4-6 were associated with progression of ICA IMT from EDIC year 1 to 6 (33). This finding was not replicated in the current analysis, which used logistic regression to examine whether fibrinogen was associated with having elevated ICA IMT at EDIC years 1, 6, or 12. Hence, moving from linear regression, which examined ICA IMT as a continuous variable, to logistic regression, which focused on reaching a threshold and has reduced power, attenuated our prior results. In the current analysis, we focused on logistic rather than linear regression because the clinical utility of a logistic regression model that focused on reaching a threshold (i.e., similar to diagnostic criteria for having a disease) was greater than the clinical utility of a linear regression model. This, however, may have reduced the power to assess the predictive value of the biomarkers studied.
Our study had a number of strengths and limitations. Strengths of the study include the large cohort of patients with type 1 diabetes, longitudinal assessment of patients over .20 years with biomarker measurements at four time points and end point measurements at three time points, and detailed characterization of participants throughout the study period. Limitations of the study include the use of internal z scores to standardize our biomarkers because external reference levels were not available for many of the biomarkers of interest and lack of measurement of the biomarkers in all participants (i.e., incomplete data), which could have introduced selection bias. To overcome potential selection bias, we adjusted for an array of covariates throughout the analysis; however, there may be some residual confounding, which we were unable to account for in our analysis.
The lack of a clear-cut long-term predictive value of any specific biomarker reflecting inflammation, endothelial function, or clotting/fibrinolysis for the presence of subclinical atherosclerosis (as assessed by ICA IMT) in comparison with the observed associations between composite biomarker scores and subclinical atherosclerosis suggests that a single biomarker (likely due to the marked fluctuations in the degree of inflammation in chronic inflammatory processes such as atherosclerosis) is not sufficient to predict the development of disease. Alternatively, our data can be interpreted as meaning that the parameters included in our , LDL, HDL, systolic blood pressure, smoking status, and IMT reader. †At each of the four time points when biomarkers were measured, separate repeated-measures logistic regression models using the methods of generalized estimating equations were applied to assess the effect of increased biomarker levels on the odds of being in the upper versus lower measurements of ICA IMT at EDIC years 1, 6, and 12. Also, the odds associated with high progression of ICA IMT from EDIC years 1-12 (i.e., defined by upper quintile of ICA IMT change) were assessed. ‡TNFR-1, TNFR-2, active PAI-1, total PAI-1, and IL-6 contributed to the cytokine/adipokine score. ‡ ‡sICAM-1, sVCAM-1, and sE-selectin contributed to the endothelial dysfunction score with the inverse z score of sVCAM-1 used to compute the composite score.
measurements are likely to reflect the stage of the inflammatory process, endothelial dysfunction, and thrombosis/ fibrinolysis activation at the time of the measurements (34) (35) (36) . Owing to the complexity of the process, it is impossible to definitively establish whether there is merely an association or a predictive relationship between high levels of biomarkers and subclinical atherosclerosis. Regardless, the discriminatory ability of these biomarkers appears limited even in a well-powered study; hence, their relevance in a clinical setting to identify individuals with subclinical atherosclerosis appears quite low. This contrasts with our previously published reports of the predictive value of the measurements of total modified LDL and its different forms in isolated immune complexes, which exceeded that of classical risk factors (37) (38) (39) . The proinflammatory properties of immune complexes containing oxidized and other forms of modified LDL have been demonstrated in ex vivo studies (40) (41) (42) (43) (44) , and all the evidence supports their role as an important initiating factor for the inflammatory process associated with atherosclerosis. They are most likely triggers to initiate the development of atherosclerosis. In contrast, the inflammatory process that is pivotal for the progression of the disease is more complex and variable involving a multitude of players, which renders their use as single and unique biomarkers to assess atherosclerosis rather difficult.
It is possible that the use of carotid artery IMT together with several panels of biomarkers will be able to noninvasively identify patients at high risk of developing cardiovascular disease events. Therefore, future analysis on cardiovascular events will be performed, once this information is released by the DCCT/EDIC group of investigators. Whether the addition of biomarkers that more closely relate to plaque rupture to the present biomarker panels is necessary needs to be determined.
